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ABSTRACT 


The  lungs  of  rate,  rabbits,  and  guinea  pigs  that  died  of  anthrax 
were  studied  by  light  and  electron  microscopy.  In  all  three  species, 
the  clinical  signs  of  respiratory  failure  that  occurred  during  the 
terminal  phase  of  the  disease  were  associated  with  widespread  pul¬ 
monary  capillary  thrombosis.  The  thrombi  occurred  in  intact  capil¬ 
laries  and  were  composed  of  platelets  and  fibrin.  These  results 
are  compared  with  previous  observations  in  rats  given  anthrax 
toxin  and  the  significance  of  pulmonary  capillary  thrombosis  as 
a  factor  in  the  cau  *  of  death  in  anthrax  is  discussed. 


rwvicos  E4CSE  WAo  BUNK,  THEREFOR  NOT  FTIMED 


5 


I.  INTRODUCTION 


The  clinical  course  of  fatal  anthrax  septicemia  in  man  can  be  divided 
into  Lwo  phases.1  The  first  phase,  whi;’  '’.  .Trent ly  represents  the  estab¬ 
lishment  and  earty  dissemination  of  the  infection,  lasts  3  or  4  days  and 
is  characterized  jy  mild  to  moderate  fever,  malaise,  and  fatigue.  The 
second  phase,  which  represents  the  development  of  overwhelming  septicemia 
and  toxemia,  appears  suddenly  during  the  last  day  of  life  and  is  charac¬ 
terized  by  the  unexpected  onset  of  dyspnea,  cyanosis,  and  a  rapid,  failing 
pui.se.  Death  occur s  after  12  to  24  hou--  '’“spite  vigorous  supportive 
therapy.  In  rabbits,8  cattle,3  and  chimpanzees*  the  first  phase  of  anthrax 
septicemia  is  not  apparent  clinically  and  the  earliest  sign  of  infection 
is  often  the  onset  of  respiratory  failure  with  dyspnea  and  cyanosis. 

Previous  work  from  our  laboratory  showed  that  Fischer  344  rata  were 
unusually  susceptible  to  intravenously  administered  anthrax  toxin  anc  were 
killed  much  faster  by  smaller  doses  of  oxin  than  were  guinea  pigs  or  mice." 
Anthrax  toxin  in  these  rats  produces  a  rapid,  predictable,  lethal  response. 
Pulmonary  edema,  respiratory  difficulty,  and  cyanosis  develop  after  a  period 
without  signs  of  illness  and  the  rats  die  gasping  for  air.  A  sequential 
light  and  electron  microscopic  study  of  the  lungs  of  toxin-treated  rats 
showed  that  the  developing  pulmonary  edema  causeo  by  the  toxin  was  associ¬ 
ated  with  a  marked  elevation  of  the  thin  endothelial  cell  membranes  lining 
the  pulmonary  capillaries.6  This  was  followed  shortly  by  widespread  pul¬ 
monary  capillary  thrombosis  and  death.  The  similarity  between  the  clinical 
features  of  terminal  anthrax  In  man  and  experimental  animals  and  those 
observed  in  rats  given  toxin  suggested  that  a  morphologic  study  of  the 
lungs  of  animals  dying  of  anthrax  might  add  valuable  Information  about 
the  cause  of  death  in  this  disease. 


II.,  MATERIALS  AND  METHODS 


Necropsies  were  performed  on  all  animals  that  died  following  infection 
with  the  virulent  Vollum  strain  (Vlb)  of  B,  anthracis  in  the  experiments 
summarized  below: 

Twenty-seven  male  Fischer  344  rats,  weighing  200  to  230  gram*, 
were  Injected  intraperitonaslly  with  5  x  10*  spores  in  1  ml  of  distilled 
water.  Seventeen  died  from  9  to  65  hours  afterward,  2  were  sacrificed  at 
20  hours,  and  8  survived. 
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Fifteen  male  Hartley  guinea  pigs,  weighing  230  to  280  grams,  were 
given  5  x  10s  spores  intraperitonea lly  and  another  15  were  inoculated  sub¬ 
cutaneously  with  200  spores  in  0.1  ml  distilled  water.  All  of  the  former 
group  and  9  of  the  latter  group  died  in  23  to  100  hours. 


Four  male  albino  rabbits, 
lated  subcutaneously  with  5  x  10"* 


weighing  1400  to  1800  grams  were  inocu- 
spores  and  died  in  58  to  S5  hours. 


Tissue  from  ten  rats,  nine  guinea  pigs,  and  two  rabbits  were  examined 
by  light  and  electron  microscopy.  One  of  the  rabbits  was  necropsied  within 
«•  hour  after  d»ath;  each  of  the  other  animals  was  under  continuous  obser¬ 
vation  from  before  the  first  signs  or  llinese  until  aeath.j  pj.ocess.Lng  of 
tissue  was  begun  within  2  minutes  after  death.  India  ink*  diluted  in 
saline,  was  administered  to  some  of  the  animals.  At  20  hours  after  they 
had  been  Inoculated  with  spores,  1  ml  of  a  1:20  dilution  of  ink  was  injected 
intravenously  into  two  rats  with  signs  of  respiratory  difficulty  and  into 
two  rats  without  signs  of  illness.  The  two  sick  rats  died  20  minutes  later 
and  the  two  asymptomatic  ones  were  sacrificed  at  the  same  time.  The  same 
dose  of  India  ink  was  administered  intracardially  to  four  sick  guinea  pigs 
from  3  to  45  minutes  before  they  died.  Eighteen  minutes  before  death,  1 
rabbit  was  given  2  ml  of  a  1:10  dilution  of  ink  intravenously.  These 
doses  of  ink  did  not  cause  vascular  staining  in  normal  animals. 


The  lungs  of  all  animals  were  removed  immediately  after  death  and  were 
perfused  through  the  trachea  with  a  5%  solution  of  phosphate -buffered 
formalin  (pH  7).  The  lungs  were  then  submerged  in  additional  5%  buffered 
formalin.  The  entire  brain  and  small  pieces  of  tissue  from  the  kidneys, 
spleen,  liver,  heart,  and  skeletal  muBcle  were  also  fixed  in  5%  buffered 
formalin.  When  kidney  tissue  was  prepared  for  electron  microscopy  it  was 
cut  into  1-mm  blocks  in  a  drop  of  cold  2%  osmium  tetroxide  in  Millonig's 
buffer  and  then  placed  in  additional  fixative  for  30  minutes.  Formalin- 
fixed  tissues  were  cut  and  processed  for  routine  histology.  In  addition 
small  pieces  of  formalin-fixed  lung  tissue  were  cut  into  1-mm  blocks  and 
placed  in  2%  osmium  tetroxide  in  Millonig’s  buffer  for  30  minutes.  The 
small  blocks  of  lung  and  kidney  tissue  were  dehydrated  and  embedded  in 
Epon  812.  Ultra -thin  sections  were  cut,  using  a  diamond  knife  with  a 
Porter -Blum  ultramicrotome,  placed  on  grids,  stained  with  uranyl  acetate, 
and  examined  with  an  RCA  EMU-3G  electron  microscope. 


n  g 
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III.  RESULTS 


A.  TERMINAL  RESPIRATORY  FAILURE 

Following  the  inoculation  of  spores  there  was  a  period  during  which 
the  animals  did  not  appear  to  be  sick.  The  terminal  phase  of  the  disease 
in  all  species  began  with  the  sudden  onset  of  signs  of  respiratory  dif¬ 
ficulty.  The  respiratory  movements  appeared  to  be  labored  and  the  rabbit 
and  the  rats  began  to  breathe  faster.  The  severity  of  respiratory  distress 
increased;  eventually  all  animals  became  cyanotic  and  died  gasping  for  air, 
usually  within  an  hour  after  labored  respiration  was  discernible. 


B.  MORPHOLOGICAL  FINDINGS 

At  necropsy  an  enlarged  spleen  and  hyperemic  lungs  were  observed  in 
all  animals.  There  was  no  gross  evidence  of  pulmonary  edema;  the  lungs 
collapsed  when  the  chest  was  opened  and  were  of  normal  size.  Routine 
microscopic  examination  revealed  that  the  spleens  were  congested  and 
hemorrhagic,  with  necrosis  at  the  centers  of  the  lymph  follicles;  there 
was  some  evidence  of  minimal  pulmonary  edema.  Large  numbers  of  anthrax 
bacilli  were  seen  in  the  blood,  the  sinueoidB  of  the  liver  and  spleen, 
the  pulmonary  capillaries,  and  the  renal  glomeruli  of  the  rabbits  and 
guinea  pigs;  only  an  occasional  bacillus  was  encountered  in  similar 
specimens  from  the  rats.  Other  observations  in  the  several  species  are 
described  below. 

1.  Rats 

The  peritoneal  cavities  of  the  rate  contained  0.5  to  1.0  ml  of 
cloudy  fluid  and,  in  most  cases,  there  was  a  similar  volume  of  clear  fluid 
in  the  pleural  cavitiee.  In  several  rats  the  cheBt  cavities  appeared  to 
be  unusually  moist  but  there  was  no  accumulated  fluid. 

The  lungs  and  kidneys  of  the  two  rats  given  India  ink  during  the 
terminal  phase  of  the  disease  were  dark  gray.  The  routine  sections  of 
the  lungs  of  tKese  rats  contained  many  carbon-stained  capillaries  (Fig.  1). 
Electron  microscopic  examination  of  the  pulmonary  capillaries  revealed  that 
the  carbon  particles  were  trapped  within  small  capillary  thrombi  composed 
of  platelets  and  fibrin.  Many  similar  capillary  thrombi  were  also  found 
in  the  lungs  of  rats  that  had  not  been  injected  with  India  ink  before 
death  (Fig.  2).  In  addition  to  the  many  throiibosed  capillaries,  others 
were  not  completely  occluded  but  contained  leukocytes  and  strands  of 
dense  fibrin  (Fig.  3). 
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Most  of  the  gloueruli  in  the  routine  sections  of  the  kidneys  from 
the  two  rats  injected  with  India  ink  during  the  terminal  phase  of  the  disease 
contained  deposits  of  carbon  particles  (Fig.  4).  Electron  microscopic  exami¬ 
nation  of  these  glomeruli  showed  that  the  carbon  was  trapped  in  thrombi  com¬ 
posed  of  granular  material.  The  glomerular  capillaries  of  rats  that  bad  not 
been  injected  with  ink  often  contained  strands  of  dense  fibrillar  fibrin 
(Fig.  5). 

The  lungs  and  kidneys  of  the  two  rats  that  showed  no  signs  of  illness 
at  the  time  they  were  injected  with  India  ink  were  of  normal  color;  micro¬ 
scopic  examination  revealed  no  evidence  of  capillary  thrombosis, 

2.  Guinea  Pigs 

From  0.5  to  1.5  ml  of  clear  pleural  fluid  was  present  in  about  two- 
thirds  of  the  guinea  pigs;  the  others  had  no  fluid  in  the  pleural  cavities. 
The  site  of  injection  in  the  guinea  pigs  that  had  been  inoculated  subcu¬ 
taneously  w»8  marked  by  an  area  of  gelitinous  edema.  From  1  to  2  ml  of 
cloudy  ascitic  fluid  was  piv.»^r.t  in  the  animals  that  had  been  inoculated 
intraperitoneally . 

The  lungs  of  the  sick  guinea  pigs  that  had  been  given  India  ink 
before  death  were  grav;  the  kidneys  were  of  normal  color.  Routine  micro¬ 
scopic  examination  of  the  lungs  revealed  many  carbcm-filled  capillaries 
(Fig.  6).  The  number  of  pulmonary  capillaries  containing  carbon  particles 
was  less  than  in  t^e  rats  but  larger  vessels  were  occluded.  These  vessels, 
which  appeared  to  be  large  capillaries,  were  occlude.'’  by  layered  thrombi 
composed  of  an  outer  ring  of  platelets  and  a  central  core  of  fibrin,  plate¬ 
lets,  and  carbon  particles  (Fig  7).  Many  pulmonary  capillaries  were  not 
occluded  but  were  dilated  and  contained  bacilli  ana  clusters  of  granular 
fibrin  (Fig.  8). 

There  was  no  carbon  staining  of  the  glomeruli  in  the  guinea  pigs 
that  were  injected  with  India  ink  before  death.  The  renal  tubules  in  all 
the  guinea  pigs  appeared  to  be  normal.  Although  there  was  no  definite 
evidence  of  capillary  thrombosis,  electron  microscopic  examination  of  the 
renal  glomeruli  revealed  that  many  capillaries  contained  bacilli  and 
coarse,  granular  material  (Fig.  9). 

3.  Rabbits 

Hie  rabbit  that  was  uecropsied  within  an  hour  after  death  had  15  ml 
of  fluid  in  the  pleural  cavities;  no  rleural  xluid  was  present  in  the  other 
rabbit.  The  lungs  of  the  latter  rabbit,  which  had  been  injected  with  India 
ink  before  death,  were  gray;  the  kidneys  were  normal  in  color.  As  in  the 
rets  and  guinea  pigs,  routine  microscopic  ex?uaination  ahc.-’ed  that  many 
pulmonary  capillaries  contained  carbon  particles.  In  this  rabbit,  more 
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pulmonary  capillaries  were  occluded  than  in  the  guinea  pigs  but  fewer  than 
in  the  rats.  The  thrombi  were  similar  to  those  found  in  the  pulmonary 
capillaries  of  the  guinea  pigs  (Fig.  7);  similarly,  many  of  the  capil¬ 
laries  that  were  not  occluded  contained  clusters  of  granular  fibrin.  In 
some  cases  the  clumps  of  granular  fibrin  had  central  strands  of  mature 
fibrillar  fibrin  (Fig.  10). 

There  was  no  carbon  staining  of  the  renal  glomeruli  in  the  rabbit 
given  India  ink  before  death.  Many  of  the  renal  glomeruli  in  both  rabbits 
were  partially  destroyed  by  colonies  of  anthrax  bacilli  and  the  convoluted 
tubules  were  often  lined  by  degenerating  epithelial  cells  with  eosinophilic 
cytoplasm  and  pyknotic  nuclei.  The  latter  changes  are  similar  to  those 
found  by  Nordberg?  in  the  kidneys  of  rabbits  killed  by  anthrax.  The  rabbit 
kidneys  were  not  examined  with  the  electron  microsco; -u. 

In  these  studies,  no  alterations  were  observed  in  the  endothelial 
cells  lining  the  pulmonary  or  renal  capillaries  in  any  of  the  animals. 

In  all  cases  the  cytoplasmic  membranes  appeared  to  be  intact  and  the 
intercellular  junctions  appeared  normal. 
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Figure  1.  Routine  Histologic  Section  of  the  Lung  of  an  Infected 
Rat  that  was  Injected  with  India  Ink  Following  the 
Onset  of  Signs  of  Respiratory  Failure.  All  of  the 
black  spots  in  this  photograph  represent  pulmonary 
capillaries  that  contain  ir.k  particles.  Methylene 
blue,  X  80. 


.  •  ■  V  ■ 


Figure  2.  Electron  Micrograph  of  a  Pulmoi;ary  Capillary  from  the 
Lung  of  a  Rat  that  Died  of  Anthrax.  The  wall  of  the. 
capillary  is  intact  but  the  lumen  is  filled  with  a 
thrombus  composed  of  an  outer  layer  of  swollen, 
degranulated  platelets  (P)  and  a  central  core  of 
dense  fibrillar  fibrin  ( f) .  Uranyl  acetate,  X  12,600. 


Figure  3.  Electron  Micrograph  of  a  Pulmonary  Capillary  from  the 
Lung  of  a  Rat  that  Died  of  Anthrax.  It  had  been 
Injected  vith  India  Ink  after  the  onset  of  signs  of 
resplratorv  failure.  The  lumen  is  not  occluded  but 
contains  a  leukocyte  (leu),  an  erythrocyte  (rbc), 
and  several  strands  of  dense  fibrillar  fibrin  (f) 
with  a  few  electron-dense  carbon  particles.  Uranyl 
acetate,  X  12,t>00. 


Figure  a.  Routine  Histologic  Section  of  a  Cinaorulus  from  the 


Kidney  of  Infected  Rst  that  was  Injected  with 
India  Ink  Shortlv  after  the  I  eve K paent  of  Sign* 
of  Respiratory  Failure.  The  glomerular  capillaries 
are  distended  with  t i r l a  1  containing  cluster*  of 
ink  particles.  L-.uoxy'in  and  eosin,  X  800. 


Figure  5.  Electron  Micrograph  of  a  Glomerular  Capillary  from 

the  Kidney  of  a  Rat  that  Died  of  Anthrax  The  lumen 
contains  erythrocytes  (tbc)  and  several  strands  of 
dense  fibrin  (f).  The  endothelial  cell  membranes 
lining  the  capillary  are  intact.  Uranvl  acetate, 

X  12,600. 


Figure  6.  Routine  Sect 'on  of  the  Lung  of  an  Infected  Guinea 
Pig  that  was  ln|ected  with  India  Ink  Shortly  after 
the  Onset  of  Signs  of  P.cspiratory  Failure.  The 
black  spots  represent  pulmonary  capillaries  contain¬ 
ing  ink  particles.  Hethvlerte  blue.  X  80. 
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Figure  9.  Electron  Micrograph  of  a  Glomerular  Capi  Llary  from 
the  Kidney  of  a  Guinea  Pig  that  Died  of  Anthrax. 

The  lumen  contains  a  cross  section  of  a  single 
bacillus  and  is  filled  with  gr’nular  material.  The 
wall  of  the  capillary  is  unaltered.  Uranyl  acetate 
X  19,000. 


Figure  10.  Electron  Micrograph  of  a  Portion  of  a  Capillary  fro* 
the  hung  of  a  Rabbit  that  Died  of  Anthrax.  The 
capillary  lumen  contains  -wo  anthrax  bacilli  and 
clutters  of  granular  flhrln  (f),  one  of  which  has 
a  central  core  of  dense  fibrillar  fibrin  with  penal' 
nect  cross  strlatlons.  The  capillary  wall  appears 
normal.  Uranyl  acetate,  X  51,000. 


III.  DISCUSSION 


There  are  several  theories  concerning  the  mechanism  01  death  In 
anthrax.7  The  most  widely  accepted  of  these  was  proposed  by  Smith  and 
his  associates  who  studied  the  terminal  pnase  of  anthrax  in  guinea  pigs 
injected  subcutaneously  with  spores.8'9  The  guinea  pigs  developed  marked 
subcutaneous  edema  and  had  decreased  cirulatin6  blood  volume,  hemocon- 
centration,  prolong'  1  clotting  time,  lowered  body  temperature,  decreased 
plasma  pH  and  b^c..  rbcaate  concentration  and  evidence  cf  acute  renal  fail¬ 
ure  w'^h  oliguria  and  nitrogen  retention.  Smith  and  his  colleagues  inter¬ 
preted  these  findings  as  indicating  that  anthrax  killed  guinea  pigs  by 
causing  increased  vascular  permeability  with  marked  edema,  diminished 
circulating  blood  volume,  and  secondary  shock.  The  impaired  renal  function 
and  degenerative  tubular  changes  described  by  Ross10  were  thought  to  repre¬ 
sent  lower  nephron  nephrosis  ret  lting  from  secondary  shock. 

One  objection  to  this  theory  of  the  -'“chanism  of  death  in  anthrax  is 
that  many  animals  die  of  the  disease  without  evidence  of  massive  edema. 

For  example,  if  guinea  pigs  and  rabbits  are  inoculated  with  spores  intrs- 
peritoneally,  there  is  no  subcutaneous  edema  and  only  minimal  agc.“es. 
Another  objection  is  that  this  theory  does  not  explain  adequately  the 
signs  of  acute  respiratory  failure  that  are  so  prominent  in  the  terminal 
phase  of  the  disease. 

The  results  of  our  morphologic  studiej  of  the  lungs  of  rats  dying  of 
anthrax  toxin8  and  our  present  clinical  and  morphologic  stud’-s  >f  anthrax 
septicemia  in  rats,  guinea  pigs  and  rabbits  suggest  that  anthrax  toxin  actB 
directly  upon  the  membranes  of  the  capillary  endothelial  cells  to  cause 
increased  permeability  and  capillary  thrombosis.  In  rats,  guinea  pigs, 
and  rabbits,  the  pulmonary  capillary  bed  is  chiefly  involved  in  this 
process  during  anthrax  septicemia,  and  the  appearance  of  wideanread  pul¬ 
monary  capillary  thrombosis  coincides  with  the  development  of  acute 
respiratory  failure  and  death.  Similar  morphologic  changes  were  also 
observed  in  the  lungs  of  monkeys  that  died  of  experimental  respiratory 
anthxax.11 

Definite  evidence  of  renal  glotperular  thrombosis  was  obtained  only 
with  the  rat.  When  India  ink  was  injected  into  sick  rate  there  was 
staining  of  the  glomerular  capillaries  as  well  as  of  the  pulmonary  capil¬ 
laries.  Electron  microscopic  photographs  of  the  glomeruli  showed  strands 
of  mature  fibrin  within  the  capillary  lumen  There  was  no  carbon  staining 
of  the  glomeruli  in  the  rabbit  and  guinea  pigs  that  were  injected  with 
India  ink  during  the  terminal  atage  of  anthrax,  and  electron  micrographs 
of  the  glomerular  capillaries  in  guinea  pigs  showed  only  granular  material 
not  conclusively  identifiable  as  fibrin.  Further  investigation  is  required 
to  determine  whether  glomerular  thrombosis  preceded  the  kidney  damage 
reported  in  these  species.3’ 10 
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One  of  the  interesting  aspects  of  this  study  in  relation  to  the  basic 
pathology  of  altered  capillary  function  is  the  lack  of  ultrastructural 
change  in  the  walls  of  the  pulmonary  capillaries.  An  alteration  in  capil¬ 
lary  endothelial  cells  was  observed  in  Fischer  344  rats  given  lethal  doses 
of  anthrax  toxin.6  Associated  with  the  increased  vascular  permeability 
and  missive  pulmonary  edema  in  -hose  rats,  one  might  have  expec  Jd  to  find 
such  changes  as  destruction  of  endothelial  cells  or  separation  of  intra¬ 
cellular  junctions. 13,13  Instead,  the  only  alteration  was  an  elevation 
of  the  thinnest  portion  of  the  cytoplasmic  processes  of  the  endothelial 
cells  away  from  the  underlying  basement  membrane.  This  change,  which 
probably  results  from  an  accumulation  of  fluid  between  the  cell  and  the 
basement  membrane,  occurs  as  pulmonary  edema  develops,  and  was  follcwed 
terminally  by  the  appearance  of  widespread  pulmonary  capillary  thrombosis. 

In  the  present  study,  the  animals  dying  of  anthrax  infection  had  very  little 
pulmonary  edema  and  the  changes  of  the  endothelial  cell  membranes  described 
above  were  not  observed.  Instead,  the  signs  of  respiratory  failure  were 
associated  only  with  widespread  pulmonary  capillary  thrombosis.  The  layered 
or  ring  structure  of  the  capillary  thrombi  suggests  that  they  were  formed 
in  situ.  However,  there  is  no  apparent  morphological  explanation  for  the 
thrombosis  because  the  Involved  capillaries  were  lined  by  intact  endothelial 
cells  that  appeared  normal.  These  findings  suggest  that  the  Increased 
capillary  permeability  and  thrombosis  caused  by  anthrax  toxin  are  the 
result  of  some  subtle  changes  in  the  physical  properties  of  the  endo¬ 
thelial  cell  membranes. 

Although  this  investigation  offers  uo  explanation  of  the  underlying 
mechanism,  the  results  indicate  that  pulmonary  capillary  thrombosis  is 
the  immediate  cause  of  death  in  anthrax  of  rats,  rabbits,  and  guinea  pigs. 
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